Codon usage data has been compiled for 110 yeast genes. Cluster analysis on relative synonymous codon usage revealed two distinct groups of genes. One group corresponds to highly expressed genes, and has much more extreme synonymous codon preference.
INTRODUCTION
The usage of different synonymous codons is clearly not random in the majority of genes so far examined. It has been concluded that natural selection distinguishing between synonymous codons constrains the rate of nucleotide substitution (1, 2) , and that the rate varies somewhat between genes (3). This constraint presumably reflects differences in translational efficiency of different codons. It would be expected then that levels of expression of heterologous genes would be influenced by the degree of correspondence between the pattern of codon usage in the introduced gene and the preferred profile in the host organism. Early reports suggest that this may indeed be true (4, 5) . Thus it is of great interest to detail the precise preferred pattern of codon usage which might yield optimal expression of heterologous genes in species of biotechnological importance.
Nucleotide sequence data are now available for many genes from a wide variety of organisms (6, 7) . However, determination of the precise pattern of codon usage, and its possible causative factors, has been carried out for large data sets from very few species.
The outstanding exception is Escherichia coli (8) (9) (10) , while the availability of the entire DNA sequences of several coliphages has enabled the investigation of total genomic codon usage (11, 12) . Smaller compilations have been made for Bacillus (13, 14) , for yeast (15, 16) , and for several multicellular eukaryotes, including Drosophila (17) , chicken and man (18) . From these compilations it has become clear that, in genes from the same taxa, there are broad similarities in direction of codon bias. This had led Grantham and co-workers to formulate the "genome hypothesis" of codon preference (19) . However, there are also clear differences between genes from the same species. In E.coli genes thought to be highly and lowly expressed differ in their extent of codon bias, with the bias being more extreme in highly expressed genes (8, 9) .
From the first available yeast gene sequences a pattern of strong codon bias, most prominent in highly expressed genes, was established (20) . It has been reported that a compilation of about 40 genes confirms this pattern, and suggests that tRNA abundance appears to be an important influence (18) . Whether there is a causal link between codon usage and level of gene expression is as yet controversial. Here we compile codon usage data for 110 yeast (mainly Saccharomyces cerevisiae) genes. A cluster analysis, based only on pattern of synonymous codon preference, yields two distinct groups. Inspection reveals that one group contains almost all of the (and perhaps only) highly expressed genes. Thus from the pattern of codon usage in a yeast gene it appears that we can predict the likely level (high or low) of its expression. We also detail the patterns of codon preference in each group and discuss their possible basis.
DATA
The 110 yeast genes examined are detailed in Table 1. Unless otherwise indicated the genes were isolated from S.cerevisiae. Genes from S.carlsberqenaia have been included because it is not regarded as a separate species (21) . A few genes are from plasmids (also indicated in Table 1 ). Sources of data were the GenBank (6) and EMBL (7) data libraries (when possible) or original publications --all referenced in Table 1 and listed in the Appendix.
ANALYSES
To examine synonymous codon usage without the confounding influence of amino acid composition of different gene products; observed numbers of codons were converted to relative synonymous codon usage values, RSCU ij --where X . . is the number of occurrences of the jth codon for the ith amino acid, which is encoded by n^ synonymous codons. 
Cluster analysis:
The 110 genes were subjected to cluster analysis, using Ward's method (22) and grouping genes on the basis of their 59 RSCU values. The Clustan 2 package, from the Computer Centre, James Cook University of North Queensland, Australia was run on the DEC 20-60 at Trinity College, Dublin. This method considers the N items of data (genes), discerns the two which are most similar, records the "distance" (difference in codon usage) betwean these two, then clusters them to form a new item of data (at the mid point of the distance between them), and thus reducing the total number of items to N-l. This algorithm is performed N-l times until only one cluster remains. Thus all points must be progressively clustered, but a dendogram derived from the distances at each clustering indicates whether any truly distinct homogeneous clusters have been formed (see below). This can be more rigorously tested by partitioning the total variation between all genes into components between and within clusters. The stability of clusters can be tested by a relocation procedure (RELOCATE in Clustan 2) which determines whether any genes are better fitted in a different cluster. To ascertain whether any genes are "outliers", i.e. do not truly belong in any cluster, a threshold can be imposed such that any gene greater than a certain distance from the nearest gene or cluster centre is discarded. Obviously, in general, the smaller the threshold value chosen, the greater the number of outliers produced. However, if the threshold distance is varied, a critical value can be selected within a range where the number of outliers produced does not vary. To assess the effect of using RSCU values, genes were clustered by the same method, but using percentage codon usage values (with no correction for amino acid usage).
Codon bias indices:
Several indices of codon usage bias were calculated for each gene individually:
(i) The extent of preference (codon bias index, CBI) for 22 particular codons identified by Bennetzen and Hall (20) as being strongly preferred in three highly expressed yeast genes. This index has been used previously for comparisons between yeast genes (23) .
(ii) The degree of bias within all synonymous groups, estimated by a G2 statistic (measuring the deviation from random synonymous codon usage) scaled by division by two times the number of codons considered. This index, since it does not measure bias towards a particular subset of codons, could be used in comparisons between genes from different species.
(iii) The linear correlation between usage of each codon and the relative abundance in yeast of the relevant cognate tRNA species (data from Ikemura (16)). A correlation of 0.54 would result from equal use of synonymous codons, given the average amino acid composition of these yeast genes. 
RESULTS
The dendogram depicting the result of a cluster analysis of yeast genes, grouping those genes according to synonymous codon usage, is shown in Figure la . The genes fall into two clear groups, such that the differences (horizontal distances in the dendogram) between genes within groups are very small compared to the difference between the two groups. Of the total variation between genes 40% lies between these two clusters. Comparison with the result of the same cluster analysis applied to the 50 genes of bacteriophage T7 (data from ref.ll), where no real grouping is apparent (Figure lb) , suggests that the two clusters of yeast genes are highly significant.
The relocation procedure did not change the composition of these major clusters, but subsequent application of a threshold distance, in conjunction with the relocation, suggested 6 outliers.
Details of the genes grouped into the two major clusters, and those not clustered, are given in Table 1 . Consideration of Table 1 shows that many of the yeast genes thought to be highly expressed have been clustered into group A, while few if any appear in group B. For example, of 16 ribosomal protein genes 14 appear in group A (the other two, one in group B and one an outlier, are conspicuously short). Alcohol dehydrogenase, enolase, glyceraldehyde-3-phosphate dehydrogenase, histone, elongation factor, pyruvate kinase, phoaphoglycerate kinase and glutamate dehydrogenase genes are all known to be highly expressed, and are clustered in group A. Several of the outliers are very short genes (Table lc) and the 'peculiarity' of the patterns of relative synonymous codon usage in these cases is probably due to small numbers of occurrences of many amino acids.
Clustering on percentage codon usage, rather than RSCU values, yields an essentially similar dendogram, except six of the genes in group A (see Table 1 Cluster analysis dendograms of RSCU values for (a) 110 yeast genes, (b) 50 T7 genes.
The horizontal length of branches represents the distance between two groups when clustered. In each case all branch lengths are scaled relative to the distance between the last two clusters.
In (a) A and B refer to the groups of genes in Table 1 , and the six outliers are indicated>. clustered into group B. Since several of these genes would be expected to be highly expressed, e.g. actin and ubiquitin, the clustering based on RSCU values is to be preferred. The difference between these two results is due to the effect of araino acid composition, which is successfully removed by use of relative usage within synonymous groups of codons.
Total codon usage data for each of the two major clusters, summed over genes, and excluding outliers, are presented in E-H data : rpsll rpsJ rpsL rpsT rpsA rpsB rpsO rpsG rpmB rpmG rpmH rplK rplJ rplA rplL rplQ rplC lpp ompA ompC ompF recA dnaK tufA tufB tsf fusA (all sequences from GenBank, Ref.6) Table 2 . Generally it can be seen that a similar direction of bias occurs in both clusters/ but that the bias is much more extreme in the group of highly expressed genes. The various coefficients of bias for individual genes are shown in Table 1 . Genes in the highly expressed group have significantly higher bias as assessed by both the CBI and G2 statistics. Those genes also have significantly higher P2 values than genes in group B, where the average value is not significantly greater than 0.5 (no bias). On average, codon usage in the highly expressed genes is more highly correlated with tRNA abundance/ but the difference between the groups is small.
DISCUSSION
Cluster analysis of yeast genes by synonymous codon usage clearly yields two relatively homogeneous groups with different patterns of codon preference. With a few possible exceptions/ the genes in one of these groups are those known or expected to be highly expressed. Thus genes in yeast can be divided into two groups, of biological significance/ on the basis of a purely statistical analysis of synonymous codon usage. If this is confirmed by further experimental data/ then it will be possible to predict the likely level of expression of any yeast gene given only the nucleotide sequence of the coding region.
Yeast genes in the highly expressed group have a distinctly more extreme pattern of codon bias. The pattern of synonymous codon preference in highly expressed genes in E.coli can be compared to that in yeast ( Table 2 ). The degree of bias is similar, but the codons preferred in each species are quite different for Leu, Cys, Gin, Arg, Lys and Pro. For Ala and Val the second most favoured codon differs. Thus a gene with the pattern of codon usage optimal for expression in E .coli should not be as highly expressed in yeast as a gene with optimal yeast codons. A preliminary report confirms this (5) . Optimizing the expression of heterologoua genes in yeast is of great potential interest. While several factors will influence the level of gene expression (25) ; the presence of codons other than those identified (in Table 2 ) as being strongly preferred in highly expressed genes may well reduce expression below optimal It is useful to divide possible influences on codon usage into two types. First/ fundamental properties of the DNA molecule in which the gene is embedded, which may not have any direct effect on the gene product encoded, may (nevertheless) influence codon usage. Thus it might be expected that total G+C content would influence the choice of base in degenerate positions of codons (26) . Also higher order DNA structures, the simplest being dinucleotides, are often nonrandom in frequency (12, 27) , and to an extent that it is unlikely to be simply a result of nonrandom codon usage. Second, the interaction of mRNA and tRNA molecules in the translation process may lead to differences in codon fitness, reflecting the direct action of natural selection on codon usage. This would include the influence of tRNA abundance (18) , and the hypothesized advantage of intermediate bond strengths between tRNA and mRNA (24), thought to yield third base pyrimidine bias. Within an evolutionary framework, the degree of codon bias in any one gene presumably reflects a balance between selection for use of optimal codons, and synonymous mutations (probably only mildly deleterious) tending to drive towards random codon usage. The point of equilibrium will depend on the strength of selection for optimal codons or, conversely, the extent to which a synonymous mutation yielding a less optimal codon is deleterious. While codon biases in the first category might apply equally to all genes in a genome/ those in the second category snould be stronger for genes where nigh expression is important. Consequently the degree of bias is expected to be higher in genes where high expression is necessary. The 110 genes examined here have a low G+C content (41.4%), as would be expected in yeast. From the base composition of the two clusters of genes (Table 3) , it can be seen that the highly expressed group have a higher G+C content, due largely to a difference between the two groups in G+C at the third position of codons. More precisely there is an increase in C, at the expense of A, in the highly expressed group. This is most easily interpreted as the result of selection for particular codons in those genes overcoming the intrinsic mutational bias (to A and T) of the yeast genome. Both the correlation of codon usage with tRNA abundance and the strength of third base pyrimidine bias are stronger in the yeast genes thought to be highly expressed, as had been found in an examination of 83 E.coli genes (9) . This difference in pattern between highly and lowly expressed genes explains some but not all of the within species heterogeneity.
There is experimental evidence for the effect of codon usage on gene expression mediated by tRNA abundance (29, 30) , but the true relevance of the observation of third base pyrimidine bias is still open to question. Translation of the codons UUU and AAU is more error prone than for UUC and AAC, respectively (31) . However, this does not appear to be simply due to the G+C content of the codon-anticodon interaction, as no difference in efficiency of translation of poly(U) and poly(UG) has been detected (30) . It should be noted that the pattern of codon usage predicted, if intermediate codon-anticodon interaction energies are optimal, is certainly not universally observed. For example, while genes in bacteriophage T7 do show third base pyrimidine bias, highly and lowly expressed genes do not appear to differ in degree of bias (11) . Also, a preliminary survey of codon usage in Bacillus genes suggests that this bias may be absent (13).
Grantham and colleagues have used correspondence analysis to group genes according to codon usage (8) . Cluster analysis is an alternative statistical procedure which has desirable properties in certain circumstances. Importantly cluster analysis is perhaps easier to conceptualise. When clear groupings exist/ as in the case of these yeast genes, the cluster analysis output in the form of a dendogram (as in Figure la) is also easily interpretable. Note that a similar analysis applied to a set of E.coli genes is not so clear/ giving results intermediate between the two dendograms shown in Figure 1 .
CONCLUSIONS
This analysis of 110 yeast genes has confirmed the pattern of codon usage associated with those genes which are highly expressed (20) . Cluster analysis seems to clearly differentiate between these and other genes. Identification of the patterns of yeast codon usage may prove useful in the design of oligonucleotide probes (33)/ in deducing whether open reading frames in yeast DNA are likely to be protein coding (34) , determining the probable level of expression of genes (both heterologous and from yeast) in yeast, and indicating the codons to use in synthetic genes to be expressed in yeast.
